Abstract: Heterologous expression systems can be utilized to great advantage in the study of cytochrome P450 enzymes. P450 3A4 is one of the major forms of cytochrome P450 found in liver. It is also involved in the metabolism of numerous widely used drugs and xenobiotics. In the present study human liver cytochrome P450 3A4 gene was transferred into the fission yeast Schizosaccharomyces pombe via two different S. pombe expression vectors carrying thiamine repressible promoter -nmt1 (pREP42) and constitutive promoter -adh1 (pART1). Heterologously expressed cytochrome P450 3A4 was detected in the cells grown in minimal (EMM) or rich medium (YEL) containing 0.5% (w/v) glucose. A typical cytochrome P450 peak for 3A4 was observed at 448 nm in microsomal fraction. The presence of heterologous expression of 3A4 form was also determined by SDS-PAGE and it molecular mass was identified as 52 kDa. The enzyme activity was confirmed by HPLC analysis, using testosterone as substrate.
Introduction
Cytochrome P450 family is member of a superfamily of heme proteins that catalyze the oxidation of a wide variety of endogenous compounds, such as steroids (Mehmood et al. 1995) , fatty acids (Kroetz & Zeldin 2002) and fat-soluble vitamins (Nebert & Russell 2002) , as well as exogenous compounds, such as drugs, carcinogens (Guengerich 2003) and pesticides (Mehmood et al. 1996) . Cytochrome P450 3A4 is the major form found in human liver (Guengerich & Turvy 1991) . It is involved in the metabolism of numerous widely used drugs (Peyronneau et al. 1992) . Therefore P450 3A4 has great significance from both pharmacological and toxicological points of view. The application of heterologous expression system to study various aspects of individual enzyme such as elucidation of structure-function relationships and discernment of catalytic specificity has been widely used in recent years. For these reasons, different recombinant systems such as yeast (Renaud et al. 1990) , bacteria (Gilliam et al. 1993 ) and insects (Zhang et al. 2004 ) have been developed to understand how to influence on co-operativity exhibited by cytochrome P450.
Schizosaccharomyces pombe is a convenient model system for mammals since it has many similar features with those of mammalian cells, such as highly developed intracellular membrane systems, cell division mechanisms and post-translational modifications. It has therefore been successfully used for the functional expression of various proteins (Giga-Hama & Kumagai 1999; Kaufer & Potashkin 2000; Kuhn & Kaufer 2003) .
The aim of this study was primarily to select convenient S. pombe expression vector and optimal conditions for obtaining abundant cytochrome P450 3A4. For this reason, two different S. pombe expression vectors carrying thiamine repressible promoter -nmt1 (pREP42) and constitutive promoter -adh1 (pART1) were used.
Material and methods

Plasmids, strains and growth conditions
In this study, pART1 (7.2 kb) with strong constitutive promoter of adh1 gene which encodes alcohol dehydrogenase, and pREP42 (8.5 kb) with the inducible promoter -nmt1 which is involved in thiamin biosynthesis and suppressed by thiamine, were used as expression vectors (McLeod et al. 1987; Basi et al. 1993) . pCR-Script (Stratagene) was used as a cloning vector for PCR product in Escherichia coli DH5α. S. pombe strains leu1-32 for pART1 and ura4-D18 for pREP42 were obtained from culture stock of Istanbul University, Faculty of Science, Department of Molecular Biology Human cytochrome P450 in Schizosaccharomyces pombe 451 and Genetics. These strains were grown in liquid and solid minimal (EMM and EMMA) or enriched (YEL and YEA) media (Gutz et al. 1974) . Leucine, uracil and thiamine were added as supplement to the media according to the requirements of the strains at final concentrations of 60, 20 and 2 mg/L, respectively. E. coli DH5α strain was used for plasmid preparation and amplification of new constructs, and bacterial strain was grown on Luria-Bertani medium (LBA) (Sambrook et al. 1989) . The selection of bacterial transformants was done by using LBA supplemented with ampicillin (50 mg/L).
Plasmid constructions
Human cytochrome P450 3A4 was amplified by PCR using the following oligonucleotide primers: 5'-GGAAGATCTATAATGGCTCTCATC-3', P1, forward; 5'-CCTAGATCTTTAGGAAAATTCACT-3', P2, reverse.
They contain BglII restriction sites at both ends (5' and 3') and human liver cDNA was used as a template. PCR conditions were performed using 30 repetitions of following temperature cycle: at 94
• C for 1 min, at 50
• C for 1 min, at 72
• C for 2 min and a final elongation step at 72
• C for 10 min. The reaction product was resolved by electrophoresis in a 0.8% agarose gel. A fragment of approximately 1.5 kb was recovered and ligated into pCR-Script vector. In order to obtain 3A4 gene, the recombinant plasmid was digested with BglII. Both vectors were also digested with BamH I and ligated with 3A4 gene and then new constructs were transformed to E. coli DH5α strain.
S. pombe transformation
The new constructs and negative controls (non-recombinant plasmids pREP42 and pART1) were transferred to S. pombe ura4-D18 and leu1-32 strains, respectively by lithium acetate protocol (Okazaki et al. 1990 ). The transformed cells carrying pART1 and derived pART1 were spread on EMMA, whereas those carrying pREP42 and derived pREP42 on EMMA with thiamine, since heterologous gene expression in recombinants is repressed in the presence of thiamine.
Preparation of microsomes fraction S. pombe clones carrying pART1 were grown in reach medium while S. pombe clones carrying pREP42 were grown in minimal medium containing thiamine up to early stationary phase to increase the concentration of thiamine inside cell, so nmt1 promoter was repressed. They were harvested by centrifugation at 4,000 × g for 5 min at 0
• C and washed twice with distilled water. Then they were inoculated in minimal medium without thiamine for induction of expression of the nmt1 promoter. The final density of the culture was obtained 5-10 × 10 7 cells/mL and then harvested at the same conditions. Harvested cells were re-suspended in buffer-A containing 20% (v/v) glycerol, 1 mM dithiothreitol, 0.1 M potassium phosphate buffer (pH 7.4) and 15 g glass beads (0.45-0.5 mm) were added. The cells were homogenised using a Braun (B. Braun Melsungen GA type: 853 032) homogenizer with liquid carbon dioxide for 6 min. Homogenates were centrifuged at 2,000 × g for 5 min at 4
• C to remove cell debris and glass beads. Following further centrifugation steps at 15,000 × g for 15 min to remove mitochondria and cell debris, and microsomal pellet was obtained after centrifugation at 100,000 × g for 60 min. This pellet was re-suspended at approximately 10 mg protein/mL in buffer-B containing 20% (v/v) glycerol, 0.1 M potassium phosphate, 1 mM EDTA, pH 7.4 (Fang et al. 1994 ). Protein content was determined by the method of Lowry et al. (1951) . P450 content was estimated using reduced carbon monoxide difference spectrophotometry (Omura & Sato 1964 ) on a spectrophotometer (Schimadzu UV-160). Microsomal fractions were suspended in buffer-B at a protein concentration of 2 mg/mL. A few grains of sodium dithionite were added to reduce Fe 3+ to Fe 2+ found in the structure of the enzyme. The reduced CO-difference spectra were obtained with the microsomes prepared from S. pombe clones containing pREP42 and pART1 and derivatives of these vectors.
SDS-PAGE
Heterologously expressed 3A4 was estimated by SDS-PAGE using 12% acrylamide concentration (Walker 2002) . In order to estimate the molecular mass of 3A4, molecular markers purchased from Sigma (Sigma-MW-70L) were used. The proteins were run through the stacking gel (5% acrylamide) at 16 mA constant current and through the resolving gel (12% acrylamide) at 24 mA. Staining of protein bands in polyacrylamide gel was achieved using a silver staining based on the method of Merril et al. (1981) .
HPLC analysis 250 µL of protein extracts in buffer-B (isolated from S. pombe carrying pR3A4 and S. pombe carrying intact pREP42) were spiked 5µL 400 µM testosterone solution and were incubated at 37
• C for 60 min and 3 hours (respectively). Samples were deproteinized by adding 495 µL acetonitrile by vortex-mixing for 5 min and centrifugation for 5 min at 4,500 × g. Twenty µL of supernatant was injected into the HPLC system. The HPLC analyses were performed on a Shimadzu LC-10A (Kyoto, Japan) which consisted of a LC-10AT solvent delivery system equipped with a Rheodyne injection valve with a 20 µL loop, DGU-20A5 vacuum degasser, CTO-10ASVP column oven, SPD-M10A UV-visible detector set at 230 nm. The data were collected and analyzed via the automation system software. Separations were carried out at 37
• C on a Luna C18 column (4.6 mm × 250 mm, 5 µm, Phenomenex, USA), with a guard column (4.0 × 3.0 mm) packed with the same material. The elution was carried using linear gradient starting at acetonitrile-water (20:80, v/v) and reaching acetonitrile-water (80:20, v/v) in 5 min. The run time was continued with same ratio until 15 th min. Flow rate was 1.0 mL/min and retention time of testosterone was 8.9 min.
Results and discussion
The method used to perform two new constructs is illustrated in Figure 1 . The resulting recombinant plasmids pR3A4 and pA3A4 are based on ars origin of replication and ura4 and LEU2 selection markers, respectively. The heterologous cDNA in pR3A4 was placed under the transcriptional control of the nmt1 promoter (Basi et al. 1993 ) that allows conditional and efficient expression into minimal culture medium (EMM) without thiamine, whereas heterologous cDNA in pA3A4 was constitutively expressed with adh1 promoter (McLeod et al. 1987) . Resulting recombinant plasmids were cut with PstI to confirm the proper orientation of insert in the recombinant plasmids (Fig 1) .
The pR3A4 and pA3A4 were transferred to S. pombe ura4-D18 and leu1-32 strains by lithium acetate method, respectively. Transformation efficiency The resulting plasmid (pCR3A4) was digested by Bgl II to obtain the insert. It was ligated into the BamH I site of pREP42 and pART1. Mini-plasmid preparation was made from six colonies from first transformation (by pREP42) and eight colonies from second transformation (by pART1). Recombinant plasmids were digested with PstI to check whether they carried insert with right orientation or not. (b) Electrophoretic analyses of pR3A4 and pA3A4. Lanes: 1: pR3A4+PstI; 2: pR3A4+BamH I; 3: λ+HindIII standart DNA; 4: pA3A4+PstI.
was 10 4 -10 5 transformants/µg DNA for both transformation. Bligh & Kelly (1988) reported that cytochrome P450 was not detectable in cell grown in YEPD medium containing 0.5% (w/v) glucose, but was shown to be present in cells grown under identical conditions except with the glucose level increased to 20% (w/v). Also, the peak obtained from microsomal samples of S. pombe should have been at 449 nm. In this study, a difference spectrum characteristic of P450 with a maximum at 448 nm was observed for pR3A4-transformed S. pombe microsomes (Fig. 2) . Similar result has also been reported by Mehmood et al. (1995) . On the other hand, no appreciable peak was detected at around 450 nm in the spectrum of other microsomes from pA3A4 transformed S. pombe and its negative control.
The concentration of cytochrome P450 3A4 was calculated from the difference in absorbance between 400-500 nm with reference to the baseline using an extinction coefficient of 91 mM −1 cm −1 . Finally, it was determined that the specific content of cytochrome P450 3A4 in the S. pombe containing pR3A4 microsome was produced 34 pmol/mg of microsomal protein. Although pART1 has been successfully used as a suitable vector for expression of eukaryotic genes in S. pombe (Smerdon et al. 1995; Günel et al. 2006) , pREP42 appeared to be more convenient expression vector than pART1 for cytochrome P450 3A4. Similar findings were also obtained in the other study on the heterologous expression of plant β-glucosidase genes (Palabiyik et al. 2006) .
After expression in S. pombe, identification of cytochrome P450 3A4 was performed by SDS-PAGE . SDS-PAGE profiles of microsomal fractions fromS. pombe transformed with non-recombinant plasmid (pREP42, a negative control) and the recombinant plasmid pR3A4. Protein bands were stained using silver. Lanes: 1: Sigma-MW-70L protein marker; 2: S. pombe ura4-D18 carrying pR3A4; 3: S. pombe ura4-D18 carrying intact pREP42.
( Fig. 3) . SDS-PAGE analysis showed bands at expected 52 kDa region in lane 1, but no band at this region in lane 2. The slightly weak band in line 1 revealed that cytochrome P450 3A4 was expressed at the translational level in S. pombe. In addition, specific enzyme activity of this heterologous cytochrome P450 3A4 was determined by HPLC using testosterone as substrate. Testosterone was used by the transformant cells carrying cytochrome P450 3A4 gene. Initial testosterone concentration (400 µM) in the assay medium containing microsomal fraction isolated from transformant cells (carrying pR3A4 plasmid) decreased by 10% and 20% compared to containing microsomal fraction isolated from host cells (carrying intact pREP42 plasmid) for 60 min and for 3 h incubation times, respectively. In this context, it can be suggested that recombinant proteins were expressed at very low level. The obtained results will be the basis for studying the structure, function and regulation of the human liver cytochrome P450 enzyme CYP3A4 using transfected S. pombe.
